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POLARIZATION TRANSFER IN (p,n) REACTIONS AT 495 MeV

T.N. Taddeucci

Los Alamos National Laboratory
Los Alamos, NM 87545

ABSTRACT

Polarjzation transfer nbservables have been measured with the
NTOF facility at LAMPF for (p,n) reactions at 495 neV. Measurements
of the longitudinal polarization transfer parameter D for
transitions to discrete states at 0° show convincing evidence for
tensor interaction effects. Complete sets of polarization transfer
observables have been measured for quasifree (p,n) reactions on ?H,
12C, and 4°Ca at a scattering angle of 18°. These measurements show
no evidence for an enhancement in the isovector spin longitudinal
response.

INTRODUCTION

The spin response probed by quasifiee (p.,n) reactions is of particular
interest because of its relationship to the strength and momentum-transfer
dependence  of the residual Isovector particle. hole interaction.
Collectivity induced by this interaction is expected to produce significant
differences betwveen the isovector spin  longlitudinal (d'q) and spin
transverse (qu) responses at a momentum transter of about 1.75 fm 1,1 In
principle, the two responses can be oxpetimentally diztinguished Dby
measuring complete sets of polaitlzation transfer (PT) ubservahles.2



The first measurement of the collective spin rasponse induced by proton
scattering involved (p,p’') quasifree scattering at 500 MeV and 18.5°.2 This
measurement found no evidence for the expected enhancement of the
longitudinal spin response wvith respect to the transverse spin response.
Hovever, a lingering source of uncertainty in interpreting the data is the
mixed isoscalar and isovector nature of the (p,p’) reaction. Ideally, this
uncertainty is removed by repeating the experiment using the pure isovector
(p,n) reaction.

Even with a pure isovector probe, however, additional uncertainties
remain. One effect of great interest is the nature of the nucleon-nucleon
interaction vhen embedded in the nuclear medium. Horowitz, Murdock, and
Iqbal have used a Fermi-gas model of the nucleus to calculate the signatures
for relativistic modifications of the interaction in quasifree scat!ering.3
These signatures 1involve differences between the PT observables for
quasifree scattering and those for free scattering. Collectivity in the
nuclear response vill also alter the PT observables, however. An obvious
difficulty, then, 1s deciding whether to attribute observed differences
betveen free and quasifree observables to a medium modification of the
interaction or to coilectivity ir the nuclear response.

An alternate strategy for investigating the effective interaction is to
make use of transitions to discrete states as a nuclear filter to isolate
specific components of the interaction. In many cases spin and momentum
transfer are the only important parameters involved and simple expressions
can be derived for PT observables in terms of basic uucleon-nucleon

amplitudes.“

In this article I will present newv polar{zution transfer data for both
discrete (p,n) transitions and for quasifree (p,n) scattering for a
bombarding energy of 495 MeV. The data for discrete transitions involve the
longitudinal polarization tianster parameter DLL(O°). For quasifree
scattering a complete set of PT observables has been obtained for ?H, C, and
Ca. This latter set of measurements was ohtained at the same bombarding
energy and momentum ‘i1anster as the eatller (p,p’) datal and provides the
first look at the purely 1s-vector upin r1esponses ‘induced by nucleon

scattering.



EXPERIMENTAL TECHNIQUE

The data presented here were obtained with the Neutron Time-of-Flight
Facility (NTOF) at the Clinton P. Anderson Meson Physics Facility (LAMPF) in
Loz Alamos. The NTOF facility has been described briefly in previous
conference proceedings.5 Cross section and analyzing pover data fcr (p,n)
reactions vere first obtained with this facility in 1987 wvith polarized beam
provided by a Lamb-shift source. The recent commissioning of a new
optically-pumped polarized ion source® (OPPIS) that can provide intense (100
nA) chopped (200 ns pulse spacing) polarized beam has made possible the
first measurements of complete sets of polarization transfer observables for
(p,n) reactions.

High - resolution measurements of polarization transfer in (p,n)
reactions commenced at the Indiana University Cyclotron Facility (IUCF) in
1982, and many of the techniques developed there7 have been scaled up and
applied to the NTOF facility at LAMPF. The NTOF detector/polarimeter |is
illustrated schematically in Fig. 1. The detector consists of four prrallel
"planes" oriented perpendicular to the incident neutron flus: three
stainless steel tanks filled with liquid scintillator (BC-517s, H:Cws1.7) and
a fourth set of ten nlastic scintillators (BC-408). The liquid scintillator
tanks are each subdivided into ten optically-isolated cells with dimensions
of 10 ecm x 10 cm x 107 cm. The plastic scintillator cells have the same
dimensions. Thin plastic scintillators in front ot and between the front

and back pairs of neutron detectors are used to tag charged particles.

The front pair of planes serve as neutron polarization analyzers.
Time, position, and pulse-height information from front and back planes are
used to kinematically select n:p interactiuns. Neutron polarization |is
determined from the azimuthal Intensity distilbution of these events.
Elastic 'H(n,n) and charge-exchange 'H(n,p) events are ldentified and sorted
separately. Because of energy resolution limitations in the interplane
timing, quasifree n+.C events also contiibute to bhoth of these reaction
channels.

Incideri neutron energy Is determined by time ot t'ight (TOF) to the
front detector planes with trespect to an 1t srtop signal derived from the
linac. The neutton tlight path vailes according to resolution and count
rate requirements. The tange of possible values s 170 m to 620 m,
Calibration measutrements employlng ''¢ were made on a 400 m-{1ight path with
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Fig. 1. The NTOF neutron polarimeter. The front dectector planes
(NAO,NA1) serve as poliarization analyzers and are separated from
the tvo back planes (NCO,NCl) by an average separation of
0z=1.7 m. Twvo sets of thin scintillators (CAO,CCO) are used to
tag charged particles.

an average energy tresolution of about 0./5 MeV at a bombarding energy of 495
MeV. The best resolution obtained at this flight path was 0.6 MeV. The
measurements of quasifree polarization transfer wvere made on a flight path
of 200 m. In both cases time and energy spread in the beam vere minimlzed
vith a rebunching technique that erploys nonaccelerating vf cavities in the

llnac.8

The beam inteusity and polatization tor the present measurements were
typically /0 nA and 55%. Nominal heam energy wvas 495 MeV. With the thick
targets (1 g/cm!) used in the quasitice measurements, approximately one day



of beam on target was required for each incident polarization state per
target.

The effective analyzing power for each reaction channel 1in the
polarimeter has been determined by observing neutrons produced by the
14C(p,n)*4N(2.31-MeV) reaction. For this 0% » 0% (ransition, outgoing
neutrons at a scattering angle of 0° have the same polarization as the
incident proton beam. A spectrum for the !'4C(p,n) reaction at 495 MeV is
shown in Fig. 2. This measurement employed longitudinally polarized beam.
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Fig. 2. Specttum fur the '4C(p,n) rteaction at 495 MeV. Neutitons from the
transition to the 0* {sobatic analog state at 2.1l MeV are used
to calibrate the polarimeten.



Horizontal and vertical dipole magnets were used to precess the outgoing
L-type polarization into equal N and S components at the detector.

Two different precession schemes are used to measure polarization
transfer observables at nonzero angles. For sideways (S) and longitudinally
(L) polarized beams, a horizontal dipole field is used to precess the
outgoing L component into N (normal to reaction plane) polarization at the
detector. The outgoing S polarization is unaffected by this field, while
the induced N-type polarization is precessed into L polarization at the
detector. Because the induced N-type polarization is now unobservable,
reversal of the proton polariza.ion also reverses the observable components
of neutron polarization incident on the detector. This reversal allows
cancellation of instrumental asymmetries. For measurements with N-type
beam, the horizontal dipole field is reduced for minimum precession effect
(it cannot be turned off because this magnet also functions as a sweep
magnet) and a superconducting solenoid 1is used to precess the outgoing N
type polarization alternately by $90°. These reversals are again necessary
for cancellation of instrumental asymmetries.

ZERO-DEGREE SCATTERING AND THE TENSOR EXCHANGE INTERACTION

At sufficiently high bombarding energy (Ep>100 MeV) and at low momentum
transfer (6«0°), the spectrum of final states excited in (p,n) reactions is
dominated by aJ".1* transitions. These transitions involve the same matrix
elements that apply in beta decay, but without the binding-energy
restrictions that limit actual beta decays to transitions between only a few
lov-lying levels. To the extent that the (p,n) transitions are pure 4L=0
and are mediated by the central interaction only, a dirvect connection can be
made between the (p,n) cross sections and the corresponding beta-decay
transition strengths. Polarization transfer provides a sensitive means of

testing for the presence of AL>0O and noncential amplitudes.

The plane-waves impulse approximation (PWIA), coupled with simplifying
nuclear-structure assumptions, allows polarization trvansfer coefficlents to
be expressed in terms of free nucleon nucleon amplltudes.“ Much of the
utility of polarization tiansfer derives fiom the applicability of these
simple expressions. A commnn form for the nucleon nucleon scattering matrix
is



M=A+ C(61n+62n) + Bdlnozn + Eﬂlqozq + FUIPGZP (1)

or, after rearranging terms

1 > 3 1 - 1 -
M= A+ C(Uln+02n) + j(B+E+F)01.UZ + E(E_B)Slz(q) + j(F_B)SIZ(p)' (2)

Here, the coordinates q = Ef-ﬁi, n = ﬁixﬁf. and p = qxn are defined in terms
of the initial and final momenta k; and k¢; Sy, iIs the tensor operator. The
coefficients in Eqs. (1) and (2) can be subdivided into isoscalar and
isovector components. In the following discussion, isovector terms are
assumed.

The first four combinations of amplitudes in Eq. (2) can be identified

vith the familiar t-matrix interaction amplitudes V., Viger V and Vpq.

ot’
The fifth term in Eq. (2) has no direct analog in local t-matrix
parametrizations; it 1is, 1instead, approximated by the tensor exchange

amplitude.

At a scattering angle of 0° there are only two unique polarization
transfer coefficients: Dyy and Dy, . Furthermore, if the spin and parity of
the transition is wvell-defined these two coeificients are not independent
but are related by the expression

vhere the plus sign applies for natural parity transitions (0*,17,...) and
the minus sign applies for unnatural jarity trancitions (07,1%*,...). The
N-N scattering matrix simplifies at ©s0°, whore E=B and C=0. The general
expression for the polarization transfer coefficient Dyy for pure AL=0, 1*

‘ransitions then becomes“

¥
DNN(0°.1‘) —

BT R (4)

If the exchange tensor amplitude is regligihle, B-F, then



DNN(0°.1+.central) = -=. (5)

Wl —

Deviations from this "ideal" value therefore signal the presence of
noncentral or AL>0 amplitudes. Many 1% transitions have been observed at
IUCF in the energy range 120-200 MeV. Individual data points are displayed
in Fig. 6 of Ref. 9. The average empirical value for 1% transitions in this
energy range is DNN(0°) = -0.33 ¢+ 0.05.

There is no fundamental reason for the exchange tensor amplitude to be
negligible at small momentum transfer. Indeed, it is interesting to employ
Eq. (4) and the free N-N amplitudes to map out the expected value of Dyn 3s
a function of bombarding energy. This is done in Fig. 3. The solid data
points plotted in this figure represent measured values for the
14C(pyn)14N(3.95-MeV) transition. The 120 MeV and 160 MeV points (DNN) vere
obtained at IUCF. The 495 MeV point (D; converted to Dyy) vas obtained
recently at LAMPF. The thick hashed line represents the prediction of
Eq. (4). Amplitudes vere obtained from the SM89 phase-shift solution of
Arndt.11 The thin lines represent plane-vaves calculations for several
p-shell single-particle transitions in carbon, calculated with the code
DUBABO11 and the t-matrix interaction of Franey and Love.12

The t-matrix calculations and Eq. (4) both give the same general energy
trend. In the IUCF energy range the t-matrix values are comfortably close
to the measured values, vhile the N-N amplitude values are too negative.
Near 500 MeV, the !4C measurement is better described by the simple N-N
amplitude expression. Comparisons such as those in Fig. 3 can emphasize
specific deficliencies in the interaction parameters, in this case the tensor
(exhange) interaction, or alternately, indicate energy regions In which
simple impulse approximation expressions such as Eq. (4) are less accurate
than reaction-model calculations that better 1incorporate the off-shell
nature of the interaction in the nuclear medium.

The ?H(p,n)2p reactlon represents a case fot which there is minimal
nuclear-medium modification of the interaction. In this teaction, at 0° the
tvo residual protons are forced hy the Pauli principle to be in a relative
S-state (15“) vhen the momentum transfer Is small. For small energy loss,
the transition can therefore be chatacterized as 1* » 0%, and Eq. (4) will
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Fig. 3. Polarization transfer coefficient DNN(O°) for 8J"=1* transitions.
The solid data points are for the '4C(p,n)!4N(3.95-MeV)
transition. The open boxes correspond to 2H(p,n). The broad
hashed line is calculated from N-N amplitudes and Eq. (4). The
thin lines correspond to different single-particle transitions in
carbon, calculated with a distorted-vaves reaction code with the
optical potential set to zero.

apply. Two measured values for the polarization transfer for rthis reaction
(open boxes) are displayed in Fig. 3. The 160 MeV datum 1is a Dan
measurement.l3 The 495-MeV datum is D;, conver.ed to Dyy. Both of these
data points correspond to a narrov interval (2-4 MeV wide) centered on the
peak of the 0° distribution. The agreement hetween the 2H(p,n) measurements
and the phase-shift predictions is very good. The 0° spectrum for this
reaction at 495 MeV is displayed in Fig. 4. This figure shows that the
polarization transfer varies vwith eneigy loss. This dependence arises from
the contribution of ALal (’PO.I.Z) amplitudes to the zero degree scattering.
The narrov energy interval smpicyed fnr the above comparison was
deliberately chosen to minimize these contributions.
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Fig. 4. Spectrum for ’H(p,n) at 495 MeV. The peak at En=475 MeV 1is the
12¢(p,n)12N(g.s.) transition from the carbon content of the CDy
target.

The data and calculations presented here show quite clearly that aJ™-=1*
transitions do not have a unique cnergy-independent polarization transfer
signature. Rather, the observed value of DNN(0°) [or DLL(0°)I depends
sensitively on the relative strengths of the central and tensor
interactions. In the energy region accessible at IUCF (100-200 MeV) the
effective tensor exchange contribution is very small 1in target nuclei
heavier than ?H and 1% transitions have a PT signature characteristic of a
purely central interaction. At LAMPF energies (200-800 MeV), however, the
tensor exchange interaction has a significant effect on PT observables at



0°. A related question that has not yet been systematically addressed is
how much of an effect this interaction has on the 0° cross sections for the
higher bombarding-energy region. The answver to this question has obvious
1 ¥

implications with regard to the choice of bombarding energy for studying 1
strength distributions.

QUASIFREE SCATTERING AND THE NUCLEAR SPIN RESPONSE

In the simplest model of quasifree scattering the projectile nucleon
undergoes a single hard collision with a target nucleon and ejects it into
the continuum. The remaining A-1 target nucleons act as spectators and do
not participate in the reaction. The observables for this process should
look very much 1like those for free scattering, except for differences
arising from the Fermi motion of the struck nucleon.

Absorptive corrections to this simple model localize the interaction
region to near the nuclear surface. Additional corrections include nuclear-
medium modification of the interaction between the projectile and t et
nucleon, and 1inclusion of the nuclear collective response. In the lau.er
case the remaining A-1 target nucleons are not simple spectators (i.e., a
free Fermi gas), but rather participate in the reaction through the
influence of the residual particle-hole interaction.

The simplest observable that can be calculated in the simple model is
the position of the quasifree "peak". Using nonrelativistic kinematics, it
is easy to show that the energy loss w of the projectile is given by

¢ ,Bd, A p
2m m A-1 Im Q.+ <Ep (6)

vhere q is the momentum transfer, p is the Fermi momentum of the struck
target nucleon, Q is the reaction Q-value for ejecting a nucleon into the
continuum, and <E> is the average excitation energy of the residual A-1
nucleons. The first term is the energy loss for free scattering, the second
term describes the width of the distiibution arising from the Fermi motion
of the struck nucleon, and the remaining terms represent a binding-energy
shift in the position of this distribution. This shift should typically be
of the order of 10-20 MeV. For example, the reaction Q-values for the



ejection of one neutron or one proton from !2C are 0pn = -17.6 MeV and 0pp =
-15.7 MeV, respectively.

A good example of the (p,n) quasifiee distribution is presented in
Fig. 5. This figure shows the spectrum for !2C(p,n) at Ep = 795 MeV and
several different scattering angles. As expected, the width of the
distribution increases with angle (increasing momentum transfer) and the
centroid of the distribution is shifted by about 25 MeV with respect to the

energy loss for free scattering (marked by vertical dashed lines).
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Fig. 5. Spectra for 'iC(p,n) at 795 MeV. The dashed vertical lines mark
the energy loss for free scattering. Cross section normalization
is uncertain by about 20X%.



A similar picture for (p,p’) quasifree scattering is presented in

Fig. 6. Here the data are from the work of Chrien et al..14 and shnw
12¢(p,p’') spectra for Ep = 795 MeV and several angles. An immediate
difference is evident vhen compared to the (p,n) spectra in Fig. 5. The
location of the (p,p’) quasifree peak is very nearly consistent with the
energy loss for free scattering, and therefore inconsistent with Eq. (6) and
the (p,n) data. A possible explanation for this difference is collectivity
in the isoscalar response excited by the (p,p’) reaction. Collectivity in
the isoscalar channel [absent in (p,n)] wvould enhance the response at low
energy 105315'16 and shift the centroid of the quasifree distribution toward

lowv w. It should be unoted that cocrections for the isoscalar component in
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positioned at the energy loss for tiree scattering. Data are from
the tables in Rei. 14,



the (p,p’) PT transfer data explicitly assumed no collectivity in the
isoscalar channel.?

The simplest spin observable to measure is the analyzing pover. An
additional difference between (p,n) and (p,p’) quasifree scattering can be
seen in the data for thls observable. Figure 7 presents cross section and
analyzing power spectra for (p,n) quasifree scattering on ?H, !'2C, and 4°Ca
for Ep = 495 MeV and O),p = 18°. The analyzing pover for 2H(p,n) 1is
consistent with the free value, which is indicated by the solid horizontal
line. The !2C and 4°Ca data are either consisient with or slightly larger
than the free value.

It is well knovn that the analyzing pover for (p,p’) quasifree
scatter’ng is substantially reduced with respect to free scattering.3'17
This reduction has been attributed to a sensitive cancellation betveen the
large scalar and vector potentials that apply in relativistic models of this
reaction.3 For (psn) quasifree scattering there is only a single dominant
term in the relativistic parametrization of the interaction. According to
vhether thls term s parametrized as a pseudoscalar or pseudovector
invariant, the analyzing pover for (p,n) is predicted to be slightly smaller
or larger than the free value, respectively.3 The data presented in Fig. 7
vould seem to favor the pseudovector parametrization, but the differences
are small enough that distortion effects must also be considered.

The relativistic effects predicted for PT observables for (p,n)
quasifree scattering at 500 MeV and 6 = 18° are rather small.3 If the
pseudovector parametrization is assumed, the largest differences will occur
in the coefficients Dyy and Dgg: An increase of about +0.1 with regpect to
the free value is predicted for Dyy, while a decrease of about the same
amount is predicted for Dgg. The new (p,n) data, piesented in Fig. 8, do
not shov any significant changes in the PT observables with respect to fiee
scattering. Because of the ambiguities in the relativistic parametrization,
a more conclusive test of this model will likely require compa..znn tc uata
nt several momentum transfers.

The dliagonal PT coeffliclents Degs Dnne and Dy, ate shown I Fig. H.
The data vere obtained at 495 MeV and 6),, - 18°. The momentum transfer i«
approximately 1.72 fm !. The ‘H(p,n) data, displayed separately from the
11C and *°Ca data, weire obtalned with a €D, target. A careful CDy €
subtraction ylelded th» ?H 1esults., The tiee scatterin;, value tor each
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Fig. 7. Cross section and analyzing pover for (p.n) reactions on 2H, !iC,
and ‘°Ca at 495 MeV and 81ap = 18°. T, dashed vertical line in
each panel marks the energy loss f.r free scattering. The
analyzing pover for free scattering (from N-N phase shifts) Is
plotted as a solid horizontal line. A vestige of the two-[roton
final-state interaction can be seen at appro:imately 31 MeV in
the ?H spectrunm.

coefficient is displayed as a solid horizontal line in each panel. These
values are obtained from the recent SM91 phase-shift solution of Arndt, 1V
The ?H data should be regarded as the best representation of free
scattering; the phase-shift values aie merely shown for reference.

It is clear fiom Fig. B that thete Is little Jdifference between the
quasifree polarization transfer tor '“C and 1"Ca and that for free
scattering, as represented by the ‘H(p,n) data. With regard to collectivity
in the nuclear spin response, the sought after signature iv a ratio of
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solution (Ref. 10) are shovn as solid horizontal lines. Dashed
vertical lines mark the energy loss tor free scattering. These
data are preliminary and are subject to an energy-dependent
normalization uncertainty of ahout 10%.

longitudinal to transverse spin-flip probabilities that is different from
the ratio for free scattering. If the longitudinal response 's collectively
enhanced relative to the transveise iesponse, this ratio should be larger

than unity. The longitudinal and transverse spin tlip probabilities are
defined by2



and

1

For free scattering, the ratio of these two quantities gives the ratio of
the longitudinal and transverse amplitudes [Eq. (1)],

T " (9

In the static PVIA, this ratio for quasifree scattering yields a ratio of
effective nucleon-nucleon amplitudes times the ratio of longitudinal (3-q)
and transverse (3!3) responses:

S, _ B Ry,

— _, (10)
St FT Ry

If the ratio of effective amplitudes is the same as the ratio of free

amplitudes, then Eq. (10) divided by Eq. (9) yields the ratio of nuclear
spin responses:

(S5 Ry (11)
(5./Sp)p Ry’

vhere A refers to the quasifree tatlio for nuclide A and D refers to the
deuterium ratio.

The ratio of longltudinal and transvetse spinflip probabilities for
deuterium Is presented in Filg. 9. The xolid hotizontal line represents the
free nucleon nucleon value lirom the SMI1 phase -shift solution. As an
Iindication of hov stable the phase-<hift solutions have been, the SMB6 value
Is plotted on this figuie ay a dotted line, and the SMY0 value as a dashed
line.
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Fig. 9. Ratio of th: longitudinal and transverse spinflip probabilities
for ¢H(p,n) at 495 MeV and 81ab = 18°. The ratios obtained from
N-N phase shifts (Ref. 10) are: SM86 (dotted), SM90 (dash), SM91
(solid).

The super ratio defined in Eq. (11) is plotted for '?C and 4°Ca in
Fig. 10. The (p,n) results obtalned here are very similar to the earlier
(pyp’) rescults. The ratio is everyvhere consistent with unity or somewvhat
smaller. The expected longitudinal enhancement is not seen. The results
for 12C and ‘°Ca are very similar and suggest that choice of target nuclide
is not very important. This similarity is not 'oo surprising in view of the
surface-peaked nature of the reaction.?

Several effects may conspire Lo sSuppress the expected
longitudinal/transverse enhancement a< seen in the experimental ratio. In
the surface region, decreased nuclear density and mixing between the
longitudinal and transverse modes wvill both diminish *he expected signature.
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Fig. 10. Longitudinal/transverse spinflip ratios for carbon and calcium
divided by the ratio for deuterium. This "super-ratin" should
closely approximate the ratio of longitudinal and transverse spin
responses. The dashed lines represent the error bounds on the
data corresponding to a :10X normalization uncertainty in the
polarization transfer measurements.

Distortion effects must also be considered. VWhat is needed is a calculation
that combines both nuclear structure and reaction dynamics in a realistic
vay. Ichimura et al. have performed distorted-waves RPA calculations in a
study of the (p,p’) data.18
the (p,n) case.!? The preliminary conclusion to he drawn from the new
calculations is that the theoretical ratio is still too large in the lov-w
region, and best consistency with the data is obtained when the RPA

and are cuttently producing new calculations for

correlations are turned off. This is a swiprising result, and may indicate
a problem with the assumed form of the resicual patticle hole {nteraction.



Additional experimental data at different momentum transfers will help to
understand this problem. Such measurements are already planned.
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